The complete nucleotide sequence of a cloned copy of the HindIII K fragment of the WR strain of vaccinia virus has been determined. Eight open reading frames (ORFs) have been identified, on the basis of size and codon usage. The predicted amino acid sequences of the putative genes have been compared to the Protein Identification Resource and to published vaccinia virus sequences. One gene, predicted to encode a 42.2K protein, is highly related to the family of serine protease inhibitors. It shows approximately 25% identity to human antithrombin III and 19% identity to the cowpox virus 38K protein gene which is also related to serine protease inhibitors. The product of another gene shows a similar high/eve/of identity to the 37K vaccinia virus major envelope antigen. The existence of viable deletion mutants and recombinants containing foreign DNA inserted into both these genes indicates that they are nonessential.
INTRODUCTION
Vaccinia virus, the prototype member of the orthopoxvirus group, has been much used as a eukaryotic expression vector (for review, see Mackett & Smith, 1986) . Certain features of vaccinia virus make it suitable for this purpose. First, it has a large dsDNA genome (approx. 187 kb) with no rigorous packaging requirements. Hence it can accommodate very large amounts of foreign DNA (Smith & Moss, 1983) . Second, it has several sites in the genome at which insertion of foreign DNA does not seriously affect replication in tissue culture Panicali et al., 1981 ; Panicali & Paoletti, 1982) . Because of the multiplicity of such insertion sites, or nonessential regions, recombinant vaccinia viruses expressing several genes inserted at different loci have been constructed (Perkus et al., 1985) . The most commonly used insertion site is the viral thymidine kinase (TK) gene (Mackett et al., 1982) . Unlike the TK gene, whose function and sequence are well characterized (Weir & Moss, 1983) , several other non-essential regions are not well characterized. One of the reasons why further characterization is important is the possibility that insertion of foreign DNA into certain genes may lead to recombinant vaccinia viruses with reduced virulence. For example, although insertion into the TK gene has no effect on replication in tissue culture, it leads to recombinants with reduced virulence in a mouse mode/ system (Buller et al., 1985) . It has recently been shown that insertion into the vaccinia virus growth factor gene also reduces virus virulence (Buller et al., 1988) . Because of the complications known to be associated with the use of vaccinia virus as a vaccine (Lane et al., 1969) , there is great interest in the production of such attenuated recombinants. Identification of further genes which, when disrupted, produce attenuated viruses is a useful step towards this goal.
One of the regions of the vaccinia virus genome that appears to consist entirely of genes nonessential for growth in many tissue culture systems is that towards the left-hand end of the viral map (see Fig. 1 ) which is covered by HindlII restriction fragments N, M, K, F and E (Perkus et al., 1986) . Thirteen insertion sites, identified on an empirical basis, have been used. Five of these 
RESULTS
The complete sequence of the HindI|I K fragment has been obtained. Over 92~ of the sequence was obtained from both strands and over 98.7 ~ of the sequence was obtained from at least two separate M13 clones. The sequence of 4536 bp is shown in Fig. 2 . The sequence has HindlII sites and the three internal BgllI sites which have been used as insertion sites (Perkus et al., 1986) . Fig. 4 . A comparison of the predicted amino acid sequences of the vaccinia virus K1 gene, human antithrombin III, and the cowpox virus 38K gene. The optimal alignment was achieved using the program GAP (Devereux et al., 1984) . Dots within the sequences show where gaps have been introduced to achieve alignment. Colons between the sequences show identical amino acids and dots show conservative changes.
been analysed for open reading frames (ORFs) and Fig. 3 shows diagrammatically the main ORFs, selected by size and by codon usage (Staden, 1984b; Staden & McLachlan, 1982) . ORFs that are contained within other larger ORFs, either on the same strand or on the other strand, are not shown except when they conform to the codon usage derived from a large selection of previously sequenced vaccinia virus genes. This is the case for ORFs K7 and K8. Small ORFs, such as K4, are also only selected if they exhibit strong vaccinia virus codon usage. Apart from the ORFs that overlap the terminal HindIII sites there are eight ORFs shown which have been designated K 1 to K8. Translations of these ORFs, in single-letter amino acid code, are shown on Fig. 2 . Codon usage analysis of the ORFs in this fragment reveals some reading frames that are open but have no AUG methionine codon at the start. An example of this is the sequence upstream of K4. This, combined with the observation that in the C-terminal 18 amino acids of K5 the vaccinia virus codon usage drops off dramatically, suggests that K4 should be joined to K5 in one continuous ORF. However, the sequence at all such points has been carefully checked and appears to be correct.
The predicted amino acid sequences of ORFs K 1 to K8 were compared to the Protein Identification Resource (George et al., 1986 ) using the computer program FASTP (Lipman & Pearson, 1985) . Two highly significant similarities were found. ORF K1 has a high level of identity with the large super-family of serine protease inhibitors, notably human alpha-1-antitrypsin and antichymotrypsin, chicken gene Y and gene X proteins, and human antithrombin III. When the amino acid sequences of ORF K1 and human antithrombin were compared, with suitable gaps inserted to achieve optimal alignment (Devereux et al., 1984) it was found that, within the aligned regions, 25 ~ of amino acids matched perfectly, with a further 25 ~ showing conservative changes• This alignment is shown in Fig. 4 The optimal alignment was achieved using GAP (Devereux et al., 1984) . Dots within the sequences show where gaps have been introduced to achieve alignment. Colons between the sequences show idential amino acids and dots show conservative changes.
match of antithrombin III to another poxvirus gene is shown, namely to the cowpox virus gene that causes the red pock phenotype (Pickup et al., 1986) . ORF K3 shows a similar high level of identity (28~ identity plus 29~ conservative changes) with a previously sequenced vaccinia virus gene which has been shown to encode a major 37K envelope antigen (Hirt et al., 1986) . This match is shown in Fig. 5 . A third match, which is not shown, is that of ORF K7 to the gene designated T3A in the terminal region of Shope fibroma virus (Upton et al., 1987) with 16~ identical amino acids and a further 53~ conservative changes. Five sites within this fragment have been used as insertion points for foreign genes (Perkus et al., 1986) . These are the HindlII sites at the ends of the fragment, and three BgllI sites within the fragment. These BgllI sites at positions 1160, 2146 and 4343 fall within K1, K3 and K7 (Fig. 3) . The left-hand HindlII site falls within the ORF shown as K0 in Fig. 3 . This is the N terminus of the host range gene, which allows the virus to replicate in human cells (Gillard et al., 1986) . The right-hand HindlII site appears to fall within a gene which continues into HindlII F.
DISCUSSION
Analysis of the nucleotide sequence of the HindIII K fragment of vaccinia virus strain WR has identified eight ORFs. Examination of the sequence shows that three of these ORFs have been used as sites for insertion of foreign DNA (Perkus et al., 1986) . Two of these genes, K1 and K3, can have functions tentatively assigned to them on the basis of high degrees of similarity to previously sequenced genes. A third ORF, K7, has similarity to an ORF from the terminal regions of Shope fibroma virus.
At present it is not known which, if any, of these genes are transcribed in tissue culture. Belle Isle et al. (1981) have looked at the in vitro translation products from early and late mRNAs selected using cloned HindlII fragments. No late mRNAs were selected from the HindlII K fragment, which is consistent with the fact that analysis of the upstream sequences suggests that none of the genes in this fragment are late genes. Five protein products were translated from early mRNA, of sizes 46K, 30K, 16K, 11K and 9K. The 30K protein was also translated from mRNA selected by HindlII M, the next fragment to the left. Thus this is probably the 32.5K host range gene (Gillard et al., 1986 ) most of which is in HindlII M. The eight possible genes in (Pickup et al., 1986) and in fowlpox virus (Tomley et al., 1988) . The cowpox gene, whose nucleotide sequence predicts a protein of size 38K, has been shown to be involved in the haemorrhaginous lesions, or red pocks, caused by the virus (Pickup et al., 1986) . Lack of the gene causes white pock variants, presumably because inhibition of proteins involved in blood clotting no longer occurs.
The vaccinia virus K 1 gene maps at 25 kb from the left end of the genome whereas the cowpox virus 38K gene maps at approximately 32 kb from the right-hand end of the cowpox virus genome. Hence both of these genes map in that central region of the orthopoxvirus genome which appears to be highly similar between vaccinia and cowpox viruses, by restriction mapping (Mackett & Archard, 1979 ) and probably at a sequence level (Pickup et al., 1986) . The positioning and degree of identity of these two genes suggests therefore that they are not direct equivalents. In fact the cowpox virus 38K protein and the vaccinia virus 42K K1 protein are slightly less closely related to each other than either is to the serine protease inhibitor superfamily as a whole. Table 1 shows the percentage of identical amino acids found in individual pairwise comparisons between several of these proteins. It seems likely, however, that a cowpox virus equivalent of the vaccinia virus K 1 gene exists in the corresponding place in the cowpox virus genome and that a vaccinia virus equivalent of the cowpox virus 38K gene exists in the corresponding place in the vaccinia virus genome.
The 38K cowpox virus gene is one of the most highly expressed early genes in the virus. An 11 bp sequence, GAAAATATATT, has been found upstream of the gene, and is also upstream of the vaccinia virus 7-5K gene (Pickup et al., 1986; Venkatesan et al., 1981) . The vaccinia virus 42K K1 gene also appears to be an early gene, in that it does not have the characteristic late TAAAT motif (Hanggi et al., 1986; Rosel et al., 1986) immediately before the ATG codon, and has a potential early TTTTTAT termination of transcription signal (Rohrmann et al., 1986) 78 bases downstream from the termination codon. However, it does not share any sequence homology with sequences upstream of the 7.5K gene.
Another gene from the vaccinia virus HindlII K fragment, ORF K3, potentially encoding a 48.8K protein, shows extensive similarity along most of its length to the p37K major envelope antigen of vaccinia virus (Hiller et al., 1981 ; Hirt et al., 1986) . Twenty-five per cent of residues are identical and a further 23~o are conservative changes. At 41-7K, the predicted size of the p37K envelope protein is somewhat smaller than that of the K3 48-8K predicted product. After optimal alignment (see Fig. 5 ) the K3 gene extends for 37 extra amino acids at the C-terminal end. The p37K protein resides in the viral envelope present on extracellular vaccinia virus but not on virus purified from within cells (Hiller et al., 1981) . Hirt et al. (1986) highlight two relatively hydrophobic regions of the sequence (130 to 157 and 175 to 192) which they suggest could represent putative membrane anchors. The sequence of the K3 gene also predicts hydrophobic domains, which are not, however, in an equivalent position (for example 190 to 255 and 275 to 312). Neither of the polypeptide sequences contains an N-terminal region characteristic of a signal peptide (McGeoch, 1985) . Both monoclonal and polyclonal antibodies to the p37K protein are highly specific (Hiller et al., 1981; Hirt et al., 1986) and no other immunologically related polypeptide which could be the K3 product can be seen. However, although p37K appears to be the major new protein present on extracellular virus (Hiller et al., 1981) other proteins with sizes ranging from 20K to 210K have been detected as new extracellular products (Payne, 1978) . The nearest of these in size to the 48-8K predicted for the K3 protein is a 42K glycosylated polypeptide.
The p37K product is a late gene, and it has the characteristic TAAATG motif which is present in most vaccinia virus late genes. The sequences upstream of the ATG codon of the K3 gene have no TAAAT sequence, but rather a TAAAATG sequence. Combined with the fact that there is a possible early termination of transcription signal, TTTTTAT, downstream of the gene, this suggests, rather surprisingly, that this may be an early gene.
In conclusion, the sequence of the 4-5 kb vaccinia virus HindlII K fragment has revealed the presence of eight potential genes, all of which are non-essential in certain tissue culture systems (Perkus et al., 1986) . Any of these genes may encode factors that affect the virulence of the virus. Large deletions in the vaccinia virus genome (Dallo & Esteban, 1987) and insertions into individual genes (BuUer et al., 1985) have been found to produce attenuated variants of vaccinia virus. The complete nucleotide sequence of this fragment now allows the possibility of directed insertions into each of the genes in order to determine whether specific disruption of any of them leads to viruses with altered pathogenicity or reduced virulence. In particular, the K 1 gene may be a suitable candidate, as it shows a high level of identity with a cowpox virus gene whose product is known to affect the growth of cowpox virus in vivo.
